Abstract: Adsorption characteristics of herbicide 4-chloro-2-methylphenoxyacetic acid (MCPA) have been evaluated using bituminous shale (BS) as a model adsorbent-containing solid organic matter in a mineral matrix. The adsorption of MCPA on BS has been studied with varying concentration, temperature, pH and contact time, using batch technique. Adsorption ability of BS increases with increasing temperature and decreasing pH in the studied concentration range of (0.6 -4.0) × 10 -4 M. Theoretical curves calculated from Freundlich, Dubinin-Radushkevich (D-R), Langmuir and Temkin isotherm equations show a two-step isotherm shape. The results could be explained by assuming the presence of two-type sites with different affinity on adsorbent surface. Adsorption process is endothermic and entropy controlled at the first stage, and exothermic and enthalpy controlled at the second stage. The mechanism proposed based on surface ionization and complexation model is consistent with the pH dependent experimental results. Kinetic data fit well to both Paterson's and Nernst Planck model based on homogeneous solid phase diffusion (HSPD). The values of particle diffusion coefficients (D p ) predicted from both models are comparable each other and independent of temperature and concentration.
Introduction
Various forms of MCPA, including the free acid, salts and esters, are widely used herbicides to control broadleaved weeds in agriculture. These MCPA formulations are soluble in water and all release the acid as the active ingredient. It is very mobile in a variety of soils, so it may potentially leach into ground-and surface-water [1] [2] [3] . The distribution of the ionizable pesticides having anionic carboxylate and phenolate groups is regulated by soil pH, solubility and pK a of the molecule [2, 4, 5] . A reported field half-life of MCPA is 14 days to 1 month in ground water depending on soil moisture and soil organic matter as well as in sterilized water; it takes about five weeks for half of the compound to degrade due to the action of sunlight [1, 6] . The proposed maximum acceptable limit for MCPA in drinking water is 2 µg l -1 based on health effects.
Adsorption on different types of soils and rocks would be a principal control on the transport rate of such pollutants in ground-and surface water. Adsorption studies on different types of soils such as volcanic soils [7] [8] [9] , sandy soils [10] , surface and subsurface soils, and bottom and river sediments [11] have shown that distribution of MCPA between soil and water is primarily controlled by organic components of the geosorbents. Both the carbon content and the origin of the organic matter are important for the sorption on calcareous soil [12] [13] .
Adsorption is also the most widespread technology used for purification of water contaminated by pesticides and other hazardous chemicals [14, 15] in other treatment methods such as chemical oxidation with ozone [16] , photodegradation [17] , combined ozone and UV irradiation [18] , Fenton degradation [19] , biological degradation [20] and coagulation [21] . In comparison with other listed processes for treatment of contaminated water, adsorption is preferred because of flexibility of design and the regeneration of adsorbent with resultant economy of operation, especially when locally available low cost adsorbents are used.
Oil shales deposited in a wide variety of environments are sedimentary rocks containing solid organic matter in a mineral matrix consist of montmorillonite, feldspar, quartz and dolomite. Bituminous shale classified as a kerogen rich oil shale having three-dimensionally crosslinked polymer structure [22] [23] [24] [25] [26] is used an energy source for oil production. Since the BS in Bolu deposits is uneconomical in terms of oil production, it may be considered as a low cost adsorbent for pesticide removal in contaminated water. BS has been successfully used for adsorptive removal of 2,4-dichlorophenoxy acetic acid (2,4-D) herbicide and its precursor 2,4-dichlorophenol (2,4 DCP) as well as 2-chlorophenol (MCP), which is a starting material for MCPA production [26, 27] . The purpose of this study is to examine adsorption characteristic of MCPA on the BS.
Experimental Procedures

Adsorbate specifications
Molecular structure of MCPA, one of the phenoxyacid herbicides, is shown in Fig. 1 . It was supplied from Hektaş, International public company on Pesticides & Agricultural Chems. (Kocaeli/Turkey) and used without purification. The crystalline powder form of the MCPA has a density of 1.2 g/cm 3 and a melting point of 393 K [6] . Its solubility in water has been reported as 273.9 mg l -1 at 298 K and at pH 7 [28] . The reported value of the dissociation constant pK a is 3.07 [6, 28, 29] .
Adsorbent specification
The BS sample used in this study has been supplied from Göynük region (in Bolu, Turkey). The chemical and mineralogical analysis of the BS have been reported as follows [25, 27] : moisture, 5.7%; ash 24.4%, volatile matter 56.3% and fixed carbon, 13.6%; C, 49.92%; H, 6.42; S, 3.32%, N, 1.07% and O, 9.4%. The BS contained 8.1% bitumen and its ash consisted of 52.5% (carbonate + sulfate), 23.1% silicate, 1.1% pyrite, 1.1% bitumen and 21.4% kerogen.
The BS was washed with dilute HCl to remove impurities and dried at 403 K. The BS was crushed and sieved through 250-500 µm sieves. Surface site concentration determined using acid-base titration method was 2.1 × 10 -4 mol g -1 [26] . Surface area of the adsorbent was determined by nitrogen gas adsorption BET method as 11.0 m 2 g -1 . The particle density determined using a Wertheim pycnometer was 1.44 g cm -3 .
Adsorption Experiments
Adsorption experiments were carried out by means of the batch method using MCPA solutions in the concentration range of (0.6 -4.0) × 10 -4 M at the solution/solid ratio of 50 l kg -1 . In order to obtain relevant data for kinetic calculations, the 0.02 g of the BS was contacted with 10 ml MCPA solution at a given concentration for 15, 30, 60, 120, 180, 240 and 300 minutes at constant temperature in a thermostatic shaker/water bath. The equilibrium studies were performed for 24 hours. After centrifugation at 4000 rpm for 10 minutes and separation of solid phase, concentration of MCPA in supernatant was measured with a Unicam UV2-100 UV-visible spectrophotometer by following absorbance of λ max located at 282 nm. All of the batch tests were performed in glass bottles in duplicate and average values were used in the calculation. Deviations are less than 2%.
All experiments in natural medium of MCPA were performed at the temperatures of 298, 308, 318 and 328 K.
Natural pH of MCPA solutions is around 5.3. The effect of pH on MCPA adsorption was investigated in the range of 3.5 -8.0 at 298 K for all concentrations. Initial pHs of the solutions were adjusted to 3.5, 4.0, 5.0, 5.5, 6.5, 7.5 and 8.0 by adding 0.1 M HCl or 0.1 M NaOH. Ionic strength of the solutions was kept constant at 10 -3 M by adding required amount of NaCl. Final pHs of the solutions were also measured. Uncertainty in the measured pH values was ± 0.01.
Results and Discussion
Effect of temperature on MCPA adsorption
The amount of MCPA adsorbed on the BS at equilibrium (q e , in mol/Kg) has been determined using the following mass balance equation: Applicability of equilibrium and kinetic models on the herbicide 4-chloro-2-methyl phenoxyacetic acid adsorption on bituminous shale
The adsorption isotherms for MCPA in natural medium (i.e., pH 5.3) analyzed in terms of the Freundlich, Dubinin-Radushkevich, Langmuir and Temkin isotherm equations at different temperatures are shown in Fig. 2 (a-d) [30] [31] [32] [33] . The isotherm plots have been constructed using the linearized equations represented in the respective figures. These results can be better described by two straight-lines rather than one. The linearized Freundlich and Langmuir isotherms having more than one straight-line reported in the literature are attributed to a change in the rate and creation of additional surfaces, which arises from the pressure of adsorbate ions on the pores of the adsorbent surface at higher concentrations [15] . Isotherm parameters calculated from the slopes and intercepts of the straightlines are shown in Tables 1-4 .
As seen in the inset figures in Fig. 2 , adsorption isotherms display two plateau regions when expressed in the linear scale. Using the constants presented in Tables 1-4 , theoretical isotherm curves have been predicted using known values of C e . The inset figures show a comparison of calculated isotherm curves with experimental points. Although each equation is able to adequately predict the equilibrium behavior of MCPA adsorption on the BS, the accordance increases in the order Freundlich < D-R < Temkin < Langmuir. The increase of adsorption capacity with temperature suggests that solute-solute interactions can be neglected and negatively ionized MCPA anions are chemically bound on adsorption sites having two different energies. The values of the Freundlich exponent (n) smaller than unity show the favorability of overall adsorption [34] ( Table 1) . The smaller n values at the first stage exhibit that adsorption is more favorable on the surface sites having higher energy than the latter.
On the other hand, the Langmuir isotherm equation, which assumes monolayer coverage on an energetically identical homogeneous adsorbent surface, yields the 'best fit' to two-step isotherm (r = 1.000). These results suggest that the first plateau corresponds to Applicability of equilibrium and kinetic models on the herbicide 4-chloro-2-methyl phenoxyacetic acid adsorption on bituminous shale saturation of the more energetic surfaces at low solute concentrations whereas the second plateau appears at higher concentrations when the less energetic surfaces are covered. A comparison of the monolayer capacities in Table 3 implies that the number of less energetically surface sites is greater than the higher one. Thermodynamic functions can be evaluated from the following well-known equations using adsorption The mean adsorption energy values (E = -ΔG) are also estimated from K D-R parameter according to following relation and presented in Table 2 . 
Effect of pH on MCPA adsorption
The amount of MCPA adsorbed on the BS surface with varying equilibrium pH is depicted in Fig. 3 . It can be seen from the figure that the amount of MCPA decreases with increasing pH. These may be correlated to increasing concentration of protonated surface sites with decreasing pH because MCPA present is in an anionic form (pK a = 3.07) in the studied pH range. Equilibrium data obtained from the adsorption experiments at different pHs have also been fitted to the four isotherm equations (not shown here) and isotherm parameters are presented in Tables (1-4 ). The first plateau disappears and only the second plateau is observed indicating that Cl -anions of supporting electrolyte compete with MCPA anions for positively charged surface sites. The absence of the first adsorption stage suggests that the more energetic surface sites corresponding to the first plateau are covered with Cl -anions but MCPA anions can be adsorbed only on the low energetic surface sites. The mechanism of the pH dependent MCPA adsorption may be explained as follows based on surface ionization and complexation (SIC) model [35] .
RH represents both inorganic and organic ionizable functional groups on the BS surface. RH is the sum of two types of surface sites R 1 H and R II H corresponding to high-and low energetic surface sites, respectively. They adsorb protons to form a positively charged surface species Protons are adsorbed on the mean surface plane and counter ions are specifically adsorbed to the second plane of an electrical double layer (edl). 5 -8 can be written as follows:
here,
The pH dependence of equilibrium quotient can be derived from the following relations:
The values of Q were evaluated from experimental bulk solution concentrations at equilibrium. Concentrations of surface species Table 3 . The average slope of the straight lines obtained from log Q vs. pH plot in the inset of Fig. 3 has been found to be 1.88 ± 0.03 (r = 1.000 for all cases). This value is well consistent with the expected theoretical slope of 2 according to Eq. 11.
Application of kinetic models
Following basic equation presuming a single solid-phase diffusion coefficient (D p ) can be written in spherical coordinates [36, 37] :
Typical adsorption kinetics is described in terms of fractional attainment of equilibrium U t at time t and determined experimentally as follows: e t tU = (13) where q t is the amount of MCPA adsorbed at time t. The exact solution of Eq. 12 is:
where S n is the root of the equation: and V is the volume of the solid phase (in l).
Experimental U t values have been calculated using the q e values presented in the insets of Fig. 2 and two kinetic models based on homogeneous solid phase diffusion process have been employed for the estimation of U t .
Paterson's and Nernst-Planck approximations are the solutions of Eq. 14 for isotopic-and ion exchange processes, respectively. Both of them could be successfully applied to time-dependent experimental data obtained from MCPA adsorption for five initial concentrations at different temperatures.
Paterson's model
In order to determine U t according to Paterson's model, the following equation was employed [36, 37] :
where Fig. 4 .
Standard deviations between calculated and observed U t values for all concentrations studied at four temperatures were calculated from the following relation and presented in Table 5 .
where the subscripts "exp." and "mod." are the experimental and modeled values of U t , respectively, and n is the number of measurements.
Applicability of equilibrium and kinetic models on the herbicide 4-chloro-2-methyl phenoxyacetic acid adsorption on bituminous shale
Similarly, the representative q t vs. t curves (solid curves) derived from the theoretical U t values are compared to experimental points in Fig. 5a for the lowest MCPA concentration at different temperatures as well as for varying concentrations at 328 K in Fig. 5b .
It can be seen from the figures, the curves modeled according to Paterson's equation fit well to the experimental points whole temperature and concentration range for a D p value of 7.73 × 10-13 m 2 s -1 .
Nernst-Planck model
The theoretical U t values were also calculated using following Nernst-Planck equation [36, 37] : Since Nernst-Planck model based on ion exchange numerical solution of Eq.14 is available only for a ≠ 1 [37] . By using a = 1.1, c 1 = -50a, c 2 = 0.1a and c 3 = -a a diffusion coefficient of 8.53 × 10 -13 m 2 s -1 is calculated from Nernst-Planck model which is independent of both concentration and temperature.
A comparison of experimental and theoretical U t values calculated according to Nernst-Planck model are shown in the inset of Fig. 4 for 328 K and standard deviations for entire concentrations and temperatures in Table 5 . Theoretical q t vs. t curves (dashed curves) are also compared to experimental points in Fig. 5a and 5b. The theoretical curves calculated using both Paterson's and Nernst-Planck models are in agreement with experimental data points indicating MCPA adsorption on the BS is a diffusion-controlled process.
Conclusions
Kinetic and equilibrium data obtained from MCPA adsorption experiments on the BS depending on concentration, pH, contact time and pH have been well predicted by the theoretical equations. The calculated isotherm curves with two steps using the parameters of the well-known isotherm equations have been correlated with the presence of two types of adsorption sites. The increase of the adsorption capacity with temperature implies that solute-solute interactions on the adsorbent surface are negligible and MCPA anions are specifically adsorbed on these sites by forming surface complex. The negative values of standard free energy changes indicate the spontaneity of both stages. The absence of the first plateau on the pH-dependent isotherms shows that Cl -ions arising from supporting electrolyte are preferred at higher energetic surface sites whereas MCPA anions are more favored by the less energetic one. These assumptions are also confirmed by equilibrium quotients calculated based on the SIC model, which give a straight line having nearly a theoretical slope depending on pH. 
